[1] Galileo magnetometer data acquired on four passes by Europa have been used to investigate whether a fixed permanent dipole moment is present in the interior of the moon in addition to the induced dipole moment previously identified. The data from several lowaltitude passes have been fitted to models of increasing complexity. The simplest models of the magnetic field fit the measurements to internal multipoles fixed to the satellite, first through lowest-order dipole and subsequently through second-order quadrupole. In these models the magnetic field of Jupiter supplemented by a uniform magnetic field that is allowed to change from pass to pass is used to describe the external field as a first-order approximation. Superimposing an induced magnetic dipole moment that is driven by the time variation of the measured external magnetic field of Jupiter improves the fits and reduces the rms error that characterizes the difference between the model and the data. In more ambitious models the plasma currents in the vicinity of Europa are approximated as wire currents forming an Alfvén wing. The inductive response is found to be $97% of the theoretical maximum inductive response for a highly conducting sphere. The largest surface equatorial field caused by a fixed internal dipole moment is less than 25 nT. This should be compared with the magnitude of the induced field, which can be of order 100 nT. We thereby confirm the presence of an inductive response and conclude that the dipole coefficients of the constant intrinsic field contribute at most in a very minor way to the magnetic field.
Introduction
[2] From magnetometer data acquired during the primary phase of the Galileo mission and the subsequent Galileo Europa Mission an interesting picture of the magnetic environment at Europa emerged [Kivelson et al., 1999; Khurana et al., 1998 ]. The magnetic field at Europa arises from a number of different sources. First there is the timevarying background field of Jupiter that varies periodically at the moon's synodic period owing to the tilt of Jupiter's dipole moment. In addition, external magnetohydrodynamic (MHD) interaction currents (Alfvén wing currents) flow within the plasma of Jupiter's magnetosphere and close through Europa's surroundings as pickup currents and ionospheric Pedersen currents [Neubauer, 1998 ]. The closure currents increase the field magnitude upstream of Europa and decrease it downstream and can therefore mimic internal moments in a limited data set. Those currents generate local magnetic perturbations near Europa. Besides these signatures, evidence for electromagnetic induction, theoretically discussed by Neubauer [1998] , was found in the data [Khurana et al., 1998; Kivelson et al., 1999 Kivelson et al., , 2000 . The electromagnetic induction requires a global scale conducting shell close to the surface of the moon . As a consequence of the induction effects the Alfvén wing is modified [Neubauer, 1999] . In addition it is possible that there is also a permanent internal magnetic moment hidden in the signatures of the above contributions to the magnetic field.
[3] In this work we look for evidence of a permanent magnetic dipole. The problem here is different from that addressed by Kivelson et al. [2002] for Ganymede where the induction effect is small compared to the permanent internal dipole moment. On Europa, there is a strong signature of an induced magnetic field, which have shown to be nearly in phase with the inducing background field (see their Figures 6a and 6b, which show that a phase delay of zero degrees gives the best fit to the B y perturbations and that the B x perturbations are too strongly affected by the Alfvénic bends of the field to provide a consistent estimate of the phase delay). The maximium of the inductive field appears to be significantly stronger than the permanent internal dipole field that we seek to quantify in this paper. This fact makes it complicated to establish the properties of the internal multipoles of Europa and to separate them from the inductive response. In addition, strong perturbations are imposed by the external currents mentioned above when Europa is located near the center of the plasma sheet.
[4] We approach the problem by fitting the data from all Europa passes at altitudes <1800 km to increasingly complex models. The cutoff altitude is based on the following argument. For passes well off the equator, field fluctuations from local plasma currents of order 20 nT are very common. The amplitude of an inductive response to the 200 nT amplitude time varying field near Europa is less than 200 nT
Here R E is the radius of Europa = 1562 km and r is the distance from the center of Europa. At 1800 km altitude, this field equals 20 nT. Information on Europa encounters is shown in Table 1 , where passes E4, E14, E19, and E26 were used for the fits. Initially we represent Europa's internal sources as a dipole moment fixed for all flybys and seek the best fit to the data, representing the external perturbations by a uniform field that varies from pass to pass. We next allow also for an inductive response and improve the fits by determining a single additional parameter, the efficiency with which this response is generated. Next, we assume that the fixed internal permanent sources include quadrupole as well as dipole moments. Subsequently we approximate the dominant perturbations from the magnetohydrodynamic interaction with the flowing plasma of Jupiter's magnetosphere using a simplified model of the Alfvén wing current system and solving for the field with the Biot-Savart equation.
[5] Before proceeding with a discussion of the analysis, we need to comment on the coordinate systems used. The magnetic field of Jupiter's magnetosphere is conveniently analyzed in the EphiO coordinate system centered at Europa with its z-axis along Jupiter's spin axis (W ! ''O'' represents the Jovian spin axis direction), the y-axis along the radius vector toward Jupiter (positive inward) and the x-axis azimuthal (''phi'' represents the azimuthal direction) with respect to Jupiter. The internal moments are calculated in a Europa-centered spherical coordinate system with colatitude measured from Europa's spin axis and longitude measured from the nominal Jupiter-facing meridian. The actual Jupiter-facing longitude can be as much as 2.2°off of the reference direction because of the finite eccentricity of the orbit and slight inaccuracies in the definition of the planetary longitude. These small angular inaccuracies are within the errors of fit from other sources and are therefore not considered. The 0.5°inclination of Europa's spin axis relative to the spin axis of Jupiter is also ignored. The rotation period and the sidereal period are identical to 7 significant places (IAU-2000) , so it is not necessary to correct for non-synchronous rotation [Geissler et al., 1998 ] during the Galileo mission.
2. Fitting Europa's Internal Sources 2.1. Method 2.1.1. Selection of Data
[6] Coefficients for best-fit dipole models (for two of the early Galileo passes) are given by Kivelson et al. [2000] . These dipole moments are inconsistent from one pass to another. Therefore, as a first step, we attempt to fit the data from all relevant passes to a single best-fit dipole moment. As discussed above, we focus only on passes that came within 1800 km of the surface so that signatures of internal sources can be clearly detected. Following the convention of labeling passes by a letter indicating the particular moon (E for Europa) and the number of the Galileo orbit on which it was encountered, we identify passes E4, E14, E19 and E26 as satisfying the altitude criterion. In order to characterize a possible permanent dipole, passes on Europa at different longitudes must be included (see Table 1 ). Figure 1 shows that collectively, the four passes are well separated in Europa longitude.
[7] Pass E12 was a low-altitude pass, but it occurred when Europa was located close to the center of the magnetospheric current sheet, where exceptionally large perturbations due to strong pickup are found . Because of these perturbations, it is very hard to identify contributions to the magnetic field of internal origin. Therefore this flyby was not optimal for analysis of internal sources and was not used for our fit. However, E14 was nearly at the same Europan longitude, so elimination of E12 does not affect coverage of Europan longitudes.
[8] Below we will show that a fixed internal dipole moment does not provide a good fit to the full data set. Improvements are significant when the effect of induction is included in the calculations. An induced response depends on the amplitude and orientation of the external inducing field, the time varying part of Jupiter's magnetic field at Europa's location. The dominant variation is in the radial component which is outward above the magnetospheric In order to determine the internal moments we use a least squares fitting technique described by Kivelson et al. [2002] . For each pass, the background field of Jupiter's magnetosphere (B bg ) is obtained from a polynomial fit to the field data measured before and after the interval in the vicinity of Europa and this background field is subtracted from the data. The extrapolated background field is plotted as a black curve in Figure 3 . For each of the passes (i = 1 À 4), we calculated DB i = B i À B bg i for each data point in pass i. Next the data from all four flybys were combined to form a single data set. Only those portions of the flyby data that yield information useful for characterizing internal field sources were retained. The intervals selected are tabulated in Table 2 . In order to determine both fixed and varying internal moments, global coverage that balances the contributions from different planetary longitudes and latitudes is desired. By weighting the passes with a factor that depends inversely on the maximum perturbation encountered on the pass, we improve the sensitivity of our model to measurements taken at varying locations and at varying Figure 1 . Plots of Galileo's passes E4 (red), E12 (orange), E14 (green), E19 (blue), and E26 (purple) by Europa. In the Cartesian Coordinate System (EPhiO), X is along the flow direction, Y is along the Europa-Jupiter vector, and Z is along the spin axis. [Khurana, 1997] , representing the radial, polar, and azimuthal components of the magnetic field at the position of Europa as a function of its west longitude relative to the origin of System III. Labels are given on top for passes below 1800 km with data and are placed above the second row for passes that had no magnetometer data (dotted) or had data but were above 1800 km (dashed). Vertical markers show where the passes occur relative to west longitude. The dots on B r represent the value inferred from the data taken near CA on the relevant passes.
phases of the driving field. We avoid a disproportionate focus on modeling accurately the data from a single pass and erroneously interpreting its instantaneous inductive field as a permanent field. Without weighting, passes with clear but relatively small perturbations, whose phases and amplitudes provide valuable information, contribute virtually nothing to the model, as discussed by Kivelson et al. [2002] . Following Kivelson et al. [2002] , we define the weighting factor for pass i as
. Here dB i max is the maximum perturbation field strength in the ith pass. The measured perturbation data are related to the matrix of the model field coefficients x by a Matrix A that represents the spatial dependence of the measured data. The model parameters are determined from
where W is a diagonal weighting matrix composed of w i À1 . In order to confirm if the model provides a good representation of the data we calculate the root mean square deviation from the data (rms). To balance contributions from passes at different altitude we calculate also the weighted rms deviation (rmsw) defined by
where N is the total number of data points over all passes and (dB
is the difference between the measured and the modeled data point n in the ith pass.
[10] To validate the least square analysis and to estimate the validity of the fits we use a generalized inverse technique, referred to as Singular Value Decomposition (SVD) [Lanczos, 1961] . This technique is commonly used and has proved to be very useful for inversion problems in the field Figure 3 . Observed and modeled field for the Europa flyby E4 (left) and E14 (right) in the EPhiO coordinate system. The red curve shows the filtered measured field. The thin black curve shows the background field. The solid green curve shows the predicted field for the internal permanent dipole plus induction by using the UMF for the external field (Table 3 ). The predicted field by using the Alfvén wing model to describe the external local currents is shown for the internal sources: induction only (solid blue) (Table 9) , induction plus dipole (solid black) (Table 8) , and induction plus dipole plus quadrupole (cyan curve) (Table 10) . 
U, + and V satisfy the following eigenvalue problems:
The properties of U, + and V give insights into the inversion process, and were used in the analysis described below. It is important to point out that L is a diagonal matrix whose elements (ordered from largest to smallest) are referred to in the geophysical literature as eigenvalues [Jackson, 1972; Wiggins, 1972; Pedersen, 1975] . There is ground for confusion in the nomenclature. In commonly used software like Matlab, Mathematica, and IMSL, the square root of the eigenvalues of A T A (see equations (4) and (5)) are referred to as singular values yet they are identical with the eigenvalues of the geophysical literature whose conventions we follow here.
Europa's Internal Sources Fitted With a Fixed Dipole Moment
[11] At first data were fitted with a single centered internal dipole moment, which was not allowed to vary, and a uniform magnetic field that was allowed to vary from pass to pass. These uniform fields provide a first-order approximation to the contributions arising from local plasma currents. In section 2.4 we model the external field more realistically. The uniform field that we begin with appears in the multipole fit as the first-order external coefficients. The model requires 15 parameters: 4 different sets of 3 parameters that represent the uniform fields of the different flybys and 3 additional parameters to characterize the fixed internal dipole moment. The results are shown in Table 3 . The calculated parameters are consistent with an internal dipole characterized by an equatorial surface field magnitude M = 79 nT tilted by 61°from the spin axis and rotated by 12°from the Jupiter-facing meridian toward the leading hemisphere. The rms error of 32 nT is large for the entire data set and the rms of 69 nT for E26 is especially large. The same is true for the weighted rms error (Table 11) .
[12] There is strong evidence for an induced magnetic field on Europa . Therefore, in the second fit, we introduce an additional parameter to account for the effect of induction. The dominant variability of the background field is in the direction radial from Jupiter (Y-direction in EphiO) and to a lesser extent in the direction of corotation with regard to Jupiter (X-direction in EphiO). We assume therefore that the z-component of the induced dipole moment vanishes for all passes and that M x (t) and M y (t) respond to the time varying driving field B bgx (t) and B bgy (t) as M x (t) = M x0 À aB bgx (t) and M y (t) = M y0 À aB bgy (t). M x0 and M y0 are the X-and Y-components of the constant dipole moment, and the inductive contribution is opposite to the driving field. The factor a describes the efficiency of response to the driving field. For a perfectly conducting Europa the response factor a would be equal to 1. Values of a < 1 arise because of finite electrical conductivity and the limited spatial dimension of the conducting layer.
[13] Using the same fitting technique as above, we get the results shown in Table 4 . The dipole coefficients change when induction is included. The g 1 0 -term is slightly enhanced, while the g 1 1 -term is strongly reduced, leading to a dipole moment with surface field magnitude M = 55 nT tilted by 16°from the spin axis and rotated by 4°from the leading hemisphere toward the anti-Jupiter-facing meridian. The reduction of the rms error to 17 nT over the full data set and of the weighted rms error (Table 11 ) is considerable and this reduction provides strong support for the actual presence of induction effects on Europa. However, the response factor is somewhat over 100%, which is unphysically high unless the currents flow in an extended ionosphere. Zimmer et al. [2000] showed that an ionosphere or a cloud of pickup Coefficients 38 ± 5 68 ± 3 À14 ± 3 Pass E04 À17 ± 2 À7 ± 1 8 ± 1 21 E14 10 ± 1 2 ± 1 2 ± 1 8 E19
15 ± 1 À3 ± 1 À6 ± 1 10 E26 8 ± 3 À14 ± 3 10 ± 3 69 32 a Internal moment coefficients. Units are nT for all entries.
External coefficients of the fit. They relate to the uniform magnetic field components in EPhiO by
The rms error of the fit for single passes and averaged over passes. ions is too resistive to produce the observed induction response. Nevertheless, currents flowing through the ionosphere or along the Alfvén wing can produce signatures of dipole and higher-order moments which are not included by using a uniform magnetic field (UMF) for the external field. Before we try to take this effect into account, we investigate if the discrepancy above can be reduced by adding higherorder internal moments. [14] In this section we consider whether contributions of internal higher multipole moments are important. We do the calculations both including and excluding the induction effects and once again we use different uniform fields for each pass to characterize the effect of plasma currents as a first-order approximation. With 5 additional parameters needed to represent the quadrupole coefficients, we now fit 21 (20 without induction) parameters. By using the same fitting techniques as above, we get the results shown in Tables 5 and 6 . Again we can see that the fits are considerably improved (smaller rms errors) when we include the induction effect. Very apparent is the change of the dipole coefficients especially for the g 1 0 -term. By comparing the coefficients in Table 4 and Table 6 , one can see that the strength of the dipole coefficients drops when the perturbations are represented in terms of quadrupole coefficients. The introduction of induction changes the permanent internal dipole, which is found to have a surface field magnitude M = 39 nT, tilted by 22°from the spin axis and rotated by 18°from the Jupiter-facing meridian toward the leading hemisphere. The induction response factor is slightly reduced by the addition of quadrupole terms. However, comparing the results in Tables 4 and 6 (both including induction) one sees that the addition of internal quadrupole moments produces only a small reduction of the weighted rms error (Table 11 ). The improvement is not as large as would be anticipated in a model with 5 additional parameters. Also the resulting quadrupole coefficients are large compared to the dipole coefficients which is not realistic if the quadrupole moments have an internal origin in view of the maximum size of the core available for dynamo action. These results suggest that the external field may be poorly represented by our modeled uniform field and that plasma currents should be taken into account.
Europa's Internal Sources Fitted With Fixed Dipole and Quadrupole Moments

Model Including an Alfvén Wing Current System
[15] In the vicinity of Europa the interaction between the ionosphere and the magnetospheric plasma plays an important role. Plasma approximately corotating with Jupiter interacts with Europa and both the field and the flow are affected. In particular, an Alfvén wing current system develops [Neubauer, 1980] . The interaction causes the field to drape over Europa, pulled downstream by the flow. At the same time, the closure currents enhance the field magnitude upstream of Europa and decrease it on the downstream side. We can model the most important aspects of this interaction with a ''wire frame model'' used for Io by Khurana et al. [1997] and described below. Although the interaction currents are distributed in space and the wires are not, the dominant field perturbations are represented quite well away from the local regions in which the wires are present.
Description of the Wire Current Model
[16] In the model of Khurana et al. [1997] , the Alfvén wing currents are modeled by current-carrying sets of wires distributed on two cylindrical surfaces that intersect the ionosphere (R = 1.08 R E with the radius of Europa (R E ) equal to 1562 km) of Europa at ±20°latitude. The wires align with the Alfvén characteristics
The current is distributed over the cylinder by a sin f-law, where f is the azimuthal angle measured from the positive x-axis and the wires are separated by Df = 4°. The wires have a finite thickness of 0.02 R E in order to avoid infinities. At the position of the spacecraft we calculate the magnetic field due to the Alfvén wing currents by solving the BiotSavart equation for each wire current. The Alfvén wing current rotates the background magnetic field but should not change its magnitude, B m . In order to impose this condition, rms Coefficients À17 ± 6 80 ± 3 1 ± 3 94 ± 8 80 ± 5 À10 ± 3 83 ± 5 À62 ± 4 Pass E04 À8 ± 2 À13 ± 1 12 ± 1 17 E14 12 ± 1 4 ± 1 0 ± 1 6 E19 12 ± 1 0 ± 1 À4 ± 1 9 E26 28 ± 2 À12 ± 1 24 ± 2 56 26 Coefficients 31 ± 5 22 ± 3 À7 ± 2 1.00 ± 0.03 68 ± 6 13 ± 4 À24 ± 2 63 ± 4 À38 ± 3 Pass E04 À10 ± 1 À11 ± 1 8 ± 1 15 E14 7 ± 1 3 ± 1 À1 ± 1 4 E19 9 ± 1 À2 ± 1 À5 ± 1 7 E26 30 ± 2 À10 ± 2 11 ± 2 41 19
we transform the field calculated from currents flowing in one wing into the Alfvén wing coordinate system, whose z-axis corresponds to the axis of the Alfvén wing cylinder [Neubauer, 1999] . We then set
The primed quantities are in the Alfvén wing system. Thereafter we transform back to our original coordinate system. The currents are closed near the moon by three ring currents at À20°, 0°and 20°latitudes with a cosf distribution around the moon. These closure currents enhance the field upstream and reduce it downstream. The currents are equally distributed among the ring currents, so that 1/3 of the total Alfvén wing current flows in each ring.
Input and Results
[17] For each flyby we determine the current strength needed to model the data. The theoretical maximum current in one Alfvén wing is given by [Neubauer, 1980] 
where E 0 is the electrical field across the moon, R W is the radius of the Alfvén wing and S A is the Alfvén conductance given by
However, if the Alfvén conductivity is not negligible compared to the ionospheric Pedersen conductivity of Europa, the total current I flowing in one Alfvén wing will be less than I max [Neubauer, 1998 ]. Therefore we include an additional parameter I I max which is allowed to vary from pass to pass. In this case the external parameters are I I max for each pass, so the number of external parameters drops to 4. The ion number density, required to calculate the Alfvén velocity v A , is estimated from PWS data measured by Kurth et al. [2001] . In Table 7 we list the ion number densities that we used and the calculated total current strengths for the different flybys. Again the background field of Jupiter was subtracted, and the fitting techniques described previously were used to infer the internal moments. The number of internal parameters to be determined drops to four: three parameters for the fixed internal dipole moment, one parameter to characterize the effect of induction.
[18] In our model we did not take into account the effects of induction on the geometry of the Alfvén wing [Neubauer, 1999] . Also our Alfvén wing model (AWM) has a circular cross section; we did not allow for a distortion of the Alfvén wing. This simplification may result in a phase shift in some components of the model compared to the measured magnetic field. However, the Alfvén wing model describes the local plasma currents more realistically than the uniform magnetic field.
[19] Results of the calculations are shown in Table 8 . The calculated dipole coefficients differ from those found when we represented effects of external currents by using a uniform field. The resulting permanent internal dipole has a surface field magnitude M = 23 nT, is tilted by 59°from the spin axis and directed toward the Jupiter-facing meridian. The calculated response factor for the induced field is 96%. Although the number of internal parameters is reduced to four, the rms error (and the weighted rms error) is comparable to those of the other models. Also we show in the discussion that using the wire current model improves the fits to some field components measured on the different flybys.
[20] Because the dipole coefficients resulting from the calculations above are quite small, we now investigate whether any permanent internal dipole moment is required by including only induction effects. Again we subtracted the background field and the contributions from the Alfvén wing currents and used the same fitting technique as above. Results in Table 9 show, that the induction response is identical within the error bounds whether or not we fit permanent dipole moments. The weighted rms error and the rms error are comparable, with 3 fewer parameters.
[21] To complete our investigations and as we show in the discussion to reduce the remaining discrepancy between the modeled magnetic field and the magnetic field data, we finally allow for permanent internal dipole plus quadrupole moments and induction effects, using the Alfvén wing model to describe the external local currents. Comparing the results in Table 10 with Table 8 , we find an enhanced permanent dipole moment and enhanced induction response factor. The weighted rms error decreases, but again the magnitude of the quadrupole moment of the internal field is greater than the magnitude of the dipole moment, suggest- ing that the additional parameters are predominantly representing external perturbations. We will discuss this later.
Discussion
[22] We start by examining the SVD matrices to add insight into the inversion process. The ratio of the largest to the smallest eigenvalue (or, in common software packages, the ratio of the largest to the smallest singular values) gives the condition number of the matrix A. Although the condition number includes no information about individual parameter errors or correlations among the model parameters, it is relevant to the invertibility of matrix A and the accuracy of the solution. If the condition number is close to one, the matrix is well conditioned which means its inverse can be computed with good accuracy whereas large condition numbers imply inaccurate inverse matrices. Typically in applications to internal fields of planets one desires condition numbers 60 [see, e.g., Connerney, 1981] . The condition numbers for the different models used are displayed in Table 11 . One can see that the condition numbers are relatively small for all of the fits.
[23] From the matrix V, estimates of the errors of the fit parameters can be obtained. The standard error of the jth parameter is given by
where M is the number of model parameters and s B is the standard uncertainty associated with the measurements. In this work we use s B = rms which overestimates the error of measurement. Equation (10) gives the error of the fit parameter under the assumption that the chosen model is the correct one. Its magnitude can be attributed principally to the high-frequency fluctuations in the magnetic field. However, more pertinent to selecting a probable model for the internal magnetic field of Europa is the rms or rmsw. Ab initio one cannot assert that any specific model represents the actual properties of the system. However, if several reasonable models lead to very similar rms error of fit but yield significantly different values of the model parameters, one must conclude that the data are inadequate for robust determination of those parameters. On the other hand, if the inclusion or exclusion of some element of the model correlates strongly with changes of the rms error of fit, one may safely conclude that that element is essential.
In further narrowing the acceptable models, we shall invoke Occam's razor to favor the model with the fewest parameters.
[24] If we compare the different models we have used to describe the internal and external components of the magnetic field on Europa, we find that the rms error diminishes if induction is included. Adding 5 quadrupole parameters to the internal field model improves the fit very little. All of the models yield rather small dipole coefficients. The model that we find most acceptable includes a simple Alfvén wing model and induction effects, although results obtained by including an additional permanent dipole moment are comparable. The model then implies that the permanent dipole moment probably is zero but is surely smaller than 25 nT. Compared with the magnitude of the induced field, which can be of order 100 nT or more, a fixed internal dipole moment contributes at most in a minor way to the magnetic field. In both of these models, the rms error is comparable with those of the other models but the fit requires fewer free parameters.
[25] In Figures 3 and 4 we show fits for different models on different flybys. The dipole plus induction model, supplemented with a uniform external magnetic field (Table 4) , is able to fit the B x and B y components for the different flybys, but it fails to provide a good fit to the B z component, particularly for the flybys E4 and E19. By using the physically motivated wire current model to describe the external fields, the fits for dipole plus induction (Table 8) and induction only (Table 9 ) are quite similar. The fits to the B z components improve, even for the E4 and E14 flybys. For the E14 flyby we are able to fit the B z component very well. B x and B y are slightly overestimated, but still fit the data well. For E19 the wire current model improves the fit for B x while not eliminating a phase shift in B y and B z . For the E26 flyby we are able to fit the components in general, but are not able to fit the peak structure in detail. However, E26 was at very low altitude so that the data are strongly affected by the distribution of the ionospheric currents which have been very crudely represented in our Alfvén wing model. Therefore artifacts of the wire distribution can be found in the fits, e.g., in the B x component. For the E4 flyby we also get good fits for all components (particularly B z ), but a phase shift remains in the B x component. Fitting additional internal quadrupole moments (Table 10) reduces this phase shift, even for the E4 flyby. We are then able to fit E4 and E14 very well and we get good fits for E19 and E26.
[26] By fitting additional internal quadrupole moments (Table 10) we improve our results. The weighted rms error drops and the phase shift in some components improves. However, to the extent that the moments in Table 10 are meaningful, the fact that the quadrupole moments are larger than the dipole moments suggests that the permanent field is not dynamo driven. The fact that both the fixed dipole and quadrupole moments change markedly depending on the external field model used (compare Tables 6 and 10) suggests that these internal moments are compensating for inadequacies of the external field model. Because of that, we speculate that the true dipole and quadrupole moments are extremely small. We believe that an improved model for the plasma currents would greatly reduce the deviation from the data. Probably a distortion of the Alfvén wing and asymmetries related to the effect of internal multipoles [Neubauer, 1999] should be taken into account to reduce the phase shifts seen in some components.
[27] Using our most ambitious model (Table 10) we get a small permanent internal dipole. However, we get nearly as good results by using only induction effects (Table 9) or by including a fixed dipole moment plus induction (Table 8 ). The inductive response in both of the latter models is $97%. Therefore we argue there is no need for an internal permanent dipole moment in Europa, although we cannot rule out a small contribution. In addition, although we have good coverage over Europa longitude, a more extensive spatial coverage of the magnetic field would allow for a more exact investigation of the internal sources. These, together with an improved external field model, would Figure 4 . Observed and modeled field for the Europa flyby E19 (left) and E26 (right) in the EPhiO coordinate system. The red curve shows the filtered measured field. The thin black curve shows the background field. The solid green curve shows the predicted field for the internal permanent dipole plus induction by using the UMF for the external field (Table 3 ). The predicted field by using the Alfvén wing model to describe the external local currents is shown for the internal sources: induction only (solid blue) (Table 9) , induction plus dipole (solid black) (Table 8) , and induction plus dipole plus quadrupole (cyan curve) (Table 10) . provide a more stringent upper limit to a permanent dipole moment.
Conclusions
[28] We conclude that there is no need for a permanent internal dipole moment in Europa. However, we cannot rule out a small contribution of a permanent dipole moment with an upper limit of 25 nT, which is small compared to the magnitude of the induced magnetic field. We strongly confirm an induction response at a level of $97% of the theoretical maximum for a highly conducting sphere. If we assume conductivity comparable to or higher than terrestrial sea water our calculations would be consistent with burial of the conducting layer at a depth of $20 km below the surface.
[29] A more exact modeling of the plasma interaction of Europa could better constrain the estimate of the internal sources of Europa. Ultimately, future spacecraft missions will improve the spatial coverage and eliminate much of the remaining uncertainty.
